Objective: The purpose of this study was to compare four strategies for stimulus presentation in terms of their efficiency when generating a speech-evoked cortical acoustic change complex (ACC) in adults and children.
INTRODUCTION
The Acoustic Change Complex (ACC) is a cortical auditoryevoked potential (P1-N1-P2) elicited by a change within an ongoing sound stimulus (Martin & Boothroyd 1999) . The ACC has been obtained in response to intensity, frequency, and phase modulations in sustained tones (Clynes 1969; Ruhm & Jansen 1969; Spoor et al. 1969; Jerger & Jerger 1970; Ruhm, 1970; Lenhardt 1971; Arlinger et al. 1982; Yingling & Neth-ercut 1983; Naatanen & Picton 1987; Harris 2007; Ross et al. 2007; Dimitrijevic et al. 2008 ). It has also been obtained in response to spectral and intensity changes within speech or speech-like stimuli (Hari 1991; Imaizumi et al. 1996; Kaukoranta et al. 1987; Ostroff et al. 1998; Martin & Boothroyd 1999 Tremblay et al. 2003) . The ACC indicates the encoding of potentially discriminable information at the level of the auditory cortex (Ostroff et al. 1998; Martin & Boothroyd 1999  Ostroff, Reference Note 1).
There are several findings that suggest that the ACC may be a potentially useful measure for the clinical assessment of speech perception capacity. First, the ACC shows good agreement with behavioral measures of intensity discrimination (ϳ3 dB; Martin & Boothroyd 2000) , frequency discrimination (ϳ10 Hz; Martin 2007; Ostroff, Reference Note 1), and the upper frequency limit for the detection of 180-degree phase shifts in an amplitude-modulated tone (ϳ50 Hz; Ross et al. 2007) . Second, the ACC shows excellent test-retest reliability at the individual participant level in adults (Tremblay et al. 2003) . Ongoing research in our laboratory extends this conclusion to children. Third, the ACC can be elicited in individuals with sensorineural hearing loss with and without hearing aids and cochlear implants (Jerger & Jerger 1970; Tremblay et al. 2006; Billings et al. 2007; Martin 2007; Martin et al. 2007; Brown et al. 2008 ).
The ACC is likely a simple change detection response (Hillyard & Picton 1978; Picton et al. 2000) that results from the activation of new neural elements together with the deactivation of others (Martin & Boothroyd 1999 . The factors that influence the elicitation of the onset P1-N1-P2 complex seem to similarly influence the ACC P1-N1-P2 complex. Several excellent reviews of the P1-N1-P2 complex have been published, which discuss component generators as well as participant, stimulus, and response factors influencing its elicitation (Hyde 1997; Picton et al. 1999; Stapells 2002; Crowley & Colrain 2004; Martin et al. 2007 ).
It should be noted that ACC differs from mismatch negativity (MMN), which is another evoked potential that indexes the neural processing of acoustic change (for review, see Naatanen et al. 1978; Picton et al. 2000; Naatanen 1990 Naatanen , 1992 Naatanen , 2003 Kujala et al. 2007) . For ACC, the response of interest is elicited by an acoustic change within a sound stimulus. For MMN, the response is elicited by an acoustic difference between different stimuli or stimulus patterns. Although not typical, it is possible to elicit both responses using a single paradigm. For example, one study used a continuous tonal stimulus that contained an occasional frequency increment (which served as the deviant). Both the N1 components of the ACC and the MMN were elicited by this paradigm (Lavikainen et al. 1995) . Most studies of ACC have not elicited MMN, because the acoustic change within the stimulus occurred with high probability (i.e., there was no deviant). An important advantage of the ACC paradigm over MMN is that every trial contributes to the response (Martin & Boothroyd 1999 , and this has important implications for the signal to noise ratio of the averaged waveforms as well as the time needed to establish an identifiable response.
Clinical behavioral tests of speech perception capacity are often inappropriate for infants, young children, and young children with hearing loss (Boothroyd 1991 (Boothroyd , 2005 Tyler 1993 ). With the mandating of universal newborn hearing screening, children are being identified with hearing loss at younger ages. As a result, there is a growing need for objective tests of suprathreshold function to inform decisions about sensory and habilitative management. A practical electrophysiologic test of auditory speech discrimination capacity could help meet this need.
Before the ACC can be used clinically with young children, however, there are two important considerations. First, the P1-N1-P2 complex elicited by sound onset (a change from silence to sound) shows significant changes in morphology with maturation (Kraus et al. 1993; Ponton et al. 1997 Ponton et al. , 2000 Ponton et al. , 2002 Morr et al. 2002) . These changes are dependent on stimulus rate (Gomes et al. 2001; Ceponiene et al. 2002; Gilley et al. 2005) . After infancy, children show a large, relatively late P1, followed by a broad, slow negativity (N2; Sharma et al. 1997; Ponton et al. 2000) . The P1 occurs at roughly 100 msecs after stimulus onset in children, whereas in adults it occurs with a latency of approximately 50 msecs. P1-N2 waveform pattern in childhood shows large changes with maturation and the largest change is the emergence of N1. In part, because of the increased neural refractoriness in children, the N1 component is only observed when stimuli are presented at slow rates. Interonset intervals needed to elicit N1 are approximately 800 msecs for 7 to 9 yr olds and can be as high as 3 or 4 secs for younger children (Gomes et al. 1999 (Gomes et al. , 2001 Ceponiene et al. 2002; Gilley et al. 2005; . It is unclear to what extent refractoriness will be an issue for the ACC since the acoustic change of interest typically occurs soon after stimulus onset.
A second consideration important for the clinical application of the ACC is that young children, and even many adults, cannot participate for long test sessions. Therefore, there is need to maximize efficiency, defined for the present purposes as the ACC to noise ratio divided by the testing time. Efficiency is the focus of this study. To date, the ACC has been implemented using stimuli containing a single change with fairly high interonset interval and a period of silence between stimuli. The silent period could potentially be eliminated. The result would be a continuous alternating stimulus. In addition to reducing overall testing time, the presence of two changes in the alternating stimulus would double the opportunity to elicit the ACC within each repetition cycle. The potential drawback of continuous alternating presentation, however, is that neurons responsible for generating the ACC may become refractory resulting in small response amplitudes (Naatanen & Picton 1987) , perhaps offsetting the benefits of reducing test time and doubling changes.
Although cortical auditory-evoked potentials have been obtained in response to interrupted (Martin & Boothroyd 1999 ) and continuous alternating stimuli in the past (Spoor et al. 1969; Arlinger et al. 1976; Kohn et al. 1978 Kohn et al. , 1980 , to our knowledge, there has been no direct comparison of these presentation strate-gies in terms of efficiency, no comparison using speech stimuli, and no comparison of the methods in children.
The purpose of this study was to compare the efficiencies of several strategies of stimulus presentation when eliciting the ACC in adults and children.
METHODS

Participants
Event-related potentials were recorded from 10 adults (five men and five women, aged 22 to 31 yrs, mean ϭ 25, SD ϭ 2.6) and nine children (four boys and five girls, 6 to 9 yrs, mean ϭ 8, SD ϭ 1.3). Data from a tenth child were eliminated as this participant was subsequently diagnosed with attention deficit disorder. All participants had normal hearing sensitivity from 250 to 8000 Hz bilaterally (ANSI 1996) along with normal middle ear function (type A tympanograms and present acoustic reflexes at 1000 Hz bilaterally). Participants also had no history of neurological or learning problems. Participation was by informed consent for the adults and parental consent along with child assent for the children.
Stimulus
The basic stimulus was a synthetic vowel that contained 1000 Hz changes of second formant frequency. The stimulus was synthesized using a Klatt synthesizer and the following parameters: Fo ϭ 100 Hz, F1 ϭ 400 Hz, F2 ϭ 1000 or 2000 Hz, F3 ϭ 3000 Hz, and F4 ϭ 4000 Hz. The transition between the lower and upper values of F2 occupied 40 msec. Perceptually, the change was from /u/ to /i/ or /i/ to /u/.
There were four different stimulus presentation strategies:
1. UI2: The stimulus lasted 1 sec and had a change from /u/ to /i/ at midpoint. Interonset interval was 2 secs, giving a 1-sec silent period between successive stimuli. This was the stimulus strategy used in much of the previous work by the authors. 2. UI1: This stimulus strategy used the same stimulus but with an interonset interval of 1 sec. The offset of /i/ was trimmed slightly to give a 5-msec silent period between successive stimuli. This strategy cut testing time in half but retained only one change per stimulus cycle. 3. UIU: This stimulus strategy used a 1500-msec duration stimulus containing a change from /u/ to /i/ at 500 msecs and a return to /u/ at 1000 msecs. Interonset interval was 2 secs, giving a silent period of 500 msecs between successive stimuli. This strategy doubled the number of changes within a stimulus but did not reduce testing time. 4. ALT: The stimulus alternated between 500 msecs of /u/ and 500 msecs of /i/. This stimulus strategy eliminated the silent periods and provided two changes within the 1-sec repetition cycle.
A schematic of the four stimulus strategies is shown in Figure 1 .
The four stimulus strategies were presented in separate blocks and the order was randomized across participants. Each strategy involved 500 trials presented in separate blocks. Stimuli were calibrated to 75 dB SPL and presented using Adobe Audition software via a loudspeaker placed 1 m in front of participants at a zero-degree azimuth.
Procedure
Participants were tested in a sound-treated and electrically shielded booth. They were seated in a recliner and watched a captioned video of their choice with the soundtrack turned off. Participants were instructed to ignore the stimuli presented to them and to remain as quiet and still as possible. Breaks were provided as needed.
Evoked Potential Recordings
Evoked potentials were recorded using a Neuroscan system and a 32-channel SynAmp amplifier. Electrodes were placed according to the International 10 -20 system (Jasper 1958) using an electrode cap. An electrode on the nose served as a reference while an electrode between Fz and FCz served as ground. Vertical eye movements and eyeblinks were monitored via electrodes immediately above and below the right eye. All impedances were maintained below 5000 ohms.
Data Processing
During data acquisition, the continuous EEG was digitized (sampling rate ϭ 1000 Hz), amplified (gain ϭ 1000), and band-pass filtered (0.15 to 100 Hz). An eyeblink reduction algorithm was applied to the continuous EEG (Semlitch et al. 1986 ). Epochs of 1600 msecs, which included a 100 msecs prestimulus period, were extracted from the continuous EEG. Epochs in which voltage changes exceeded 100 V were rejected from further analysis. Each epoch was baseline corrected and then data were averaged within subject group and strategy.
Data Analyses
ACC amplitude • All amplitude measures were taken from Cz using response latency windows spanning the ACC of interest. The ACC is typically maximal near the vertex (at or lateral to Cz and FCz). Butterfly plots of the waveforms obtained at each electrode site in the UI2 condition for adults and children are shown in Figure 2 , with the response from Cz shown in black. The response windows were determined using the grand mean waveforms. The windows for the change from /u/ to /i/ were from 500 to 750 msecs relative to stimulus onset for all stimulus strategies with the exception of the ALT strategy in which the window was from 250 to 500 msecs relative to the sampling trigger that was placed at the midpoint of the steady state portion of /u/ because there was no true "onset"). The change from /i/ to /u/ occurred only in the UIU and ALT stimulus strategies. The response window for this change was from 1000 to 1250 msecs relative to stimulus onset for the UIU and from 750 to1000 msecs relative to the trigger for the ALT strategy. The duration of these latency windows was sufficient for use with both subject groups.
The magnitude of the ACC was expressed as the root mean squared (RMS) ACC amplitude within the appropriate response latency window. The RMS rather than peak amplitude was used for two reasons. The first was to facilitate comparison of the data from adults and children, who have different morphology. The second was to avoid the subjectivity involved in identifying and labeling components within the ACC for individual participants. The RMS amplitude has the advantage of indexing overall response magnitude without making assumptions about morphology.* Noise • Noise in the averaged waveform was defined as the square root of the mean of the variances at each point in the averaged waveform within the response window divided by the square root of the number of accepted sweeps. This metric is described in more detail in the Appendix. Ideally, noise would be measured in a portion of the waveform without an evoked *In fact, we computed the standard deviation of the means within the response window so as to remove any contribution from a non-zero grand mean. Potential causes of a non-zero grand mean include asymmetry of the positive and negative components of the ACC, prolonged negativity after an onset response, initiation of the response window after the ACC has begun, and termination of the response window before the ACC has ended. potential response (such as the prestimulus interval). In all strategies except UI2, there was no window that could be guaranteed to be response free.
ACC to noise ratio • The ACC to noise ratio was determined by dividing the RMS ACC amplitude by the noise amplitude. Efficiency • As indicated earlier, efficiency was defined for present purposes as the ACC to noise ratio divided by testing time (Picton et al. 1977 (Picton et al. , 1983 (Picton et al. , 1984 Hyde & Blair 1981) . The latter was the interonset interval multiplied by the number of sweeps, in this case 500. Testing time for the UI2 and UIU strategies was 17 min. Testing time for the UI1 and ALT strategies was 8 min.
Statistical analyses • Separate repeated measures analyses of variance were completed on the ACC magnitude, noise magnitude, ACC to noise ratio, and efficiency data. In each case, age (adults versus children) was the grouping variable and stimulus strategy was the within-participant variable.
RESULTS
Grand Mean Waveforms
Grand mean waveforms for the adults and children are shown for each stimulus strategy in Figure 3 . For UI2, the adults show a P1-N1-P2 complex occurring approximately 50 to 200 msecs after stimulus onset, followed by the ACC at approximately 550 to 700 msecs relative to stimulus onset (shown in the inset box). A small response to stimulus offset is also present at 1000 to 1200 msecs after stimulus onset. In contrast, children show the expected P1-N2 response typically seen in this age group in response to stimulus onset (100 to 250 msecs), followed by the ACC P1-N2 response to the acoustic change (550 to 750 msecs, shown in the inset box), which in turn is followed by a response to stimulus offset. As would be expected, the amplitude of the ACC is larger for the children than that for the adults (Sharma et al. 1997; Ponton et al. 2000; Gomes et al. 2001; .
The waveform pattern obtained in the UI1 strategy shows less-distinct components, particularly for the adults, compared with the UI2 strategy. There is an overlap between the response to stimulus offset and stimulus onset, and as a result, the third set of deflections is a combination of offset and onset responses (stimulus onset occurs at 0 msec and again at 1000 msecs).
In the UIU strategy, the response to stimulus onset (50 to 200 msecs) is followed by a second response to the acoustic change from /u/ to /i/ (550 to 700 msecs) and a third response to the acoustic change from /i/ to /u/ (1000 to 1200 msecs).
In the ALT strategy, there is a response to the acoustic change from /u/ to /i/, followed by a response to the acoustic change from /i/ to /u/. Temporal overlapping of components is present. The third response is identical to the first because there is no offset response. That is, the third deflection of one epoch is the first deflection in the next epoch.
Children
The waveforms for the youngest child and the oldest child in the study are superimposed in Figure 4 in the UI2 and ALT conditions. Although subtle maturation of the ACC is apparent, it is also apparent that the ACC shows only small changes in the timing of the response across the 6-to 9-yr-old age range.
Analyses
Direction of acoustic change • Stimuli in the ALT and UIU strategies contained two directions of acoustic change-/ui/ and /iu/. Figure 5 shows the waveforms obtained for the Fig. 3 . Grand mean waveforms for the adults (n ϭ 10) and children (n ϭ 9) are displayed as a function of stimulus strategy. The acoustic change complex is indicated by the gray inset boxes. Fig. 4 . The waveforms for the youngest and oldest children participating are overlaid for the UI2 and ALT conditions. two directions of change overlaid for the ALT strategy. Despite small differences in peak amplitude, RMS amplitudes seem quite similar for the two acoustic changes. N1 is smaller in the adults for the second direction of acoustic change. The UIU condition showed a similar pattern of results (see Fig. 3 ). Figure 6 shows a plot comparing magnitude of the ACC complex as a function of direction of change for the ALT and UIU strategies. The effects of neither strategy nor direction reached the 0.05 level of significance (Table 1) , justifying the decision to collapse the data across the two directions of acoustic change in subsequent sections of this article, thus reducing noise amplitude by the square root of 2. Amplitude • Grand mean ACC magnitude data for each stimulus strategy are shown in Figure 7 (top) along with corresponding standard deviations for the adults and children. Repeated measures analyses of variances were used to compare ACC magnitudes obtained in each stimulus strategy as a function of group. Data from the 10th adult participant were eliminated for this and for subsequent adult-child comparisons so that the two groups would have an equal number of participants. The effect of participant group (adult versus child) was highly significant (F [1, 17] ϭ 19.54; p Ͻ 0.001). As expected, ACC magnitude was significantly larger for children than for adults. However, there were no interactions between group and stimulus strategy (F[3,51] ϭ 0.01; p ϭ 0.998). The individual participant's amplitude and noise data for the four stimulus strategies are shown in Figure 8 . Individual differ-ences are apparent in response magnitude, ACC to noise ratio, and the effects of the different stimulus strategies. Noise • Grand mean noise magnitude measures are shown in Figure 7 (second panel) along with corresponding standard deviations. Group (F [1, 17] ϭ 95.36; p Ͻ 0.001) and stimulus strategy (F[3,51] ϭ 37.94; p Ͻ 0.001) were highly significant, and there was some evidence that the effect of stimulus strategy differed for the two groups (F[3,51] ϭ 2.99; p ϭ 0.039). Noise was significantly higher for the children compared with the adults. In addition, post hoc analyses indicated that there was no difference in noise magnitude between the UI2 and UI1 strategies or between the UIU and ALT strategies. There was, however, a significant difference between the single-change and double-change waveforms for both adults and children. This effect is attributable to doubling the number of samples in the average. Amplitude to noise ratio • Grand mean amplitude to noise ratios obtained in response to each stimulus strategy are shown in Figure 7 (third panel) along with corresponding standard deviations. The individual participant's ACC to noise ratio data are given in Table 2 . Nine of the 10 adults and six of the nine children showed highest ACC to noise ratios in the ALT condition. There is no evidence of a difference between adults and children (F [1, 17] ϭ 0.01; p ϭ 0.919). There was a highly significant effect of stimulus strategy (F[3,51] ϭ 14.79; p Ͻ 0.001), but there was no evidence that the effect of stimulus strategy differed for the two groups (F[3,51] ϭ 0.05; p ϭ 0.985). Post hoc analyses showed no significant difference between UI2 and UI1. All other differences reached at least the 0.05 level of significance. These findings suggest that although children had larger amplitudes than adults, the effect was offset by higher noise levels.
Efficiency • Grand mean efficiency data for each stimulus strategy are shown in Figure 7 (bottom). On average, efficiency was highest for the ALT strategy for both participant groups. The individual participant's efficiency data are given in Table 3 . Nine of the 10 adults showed highest efficiency for the ALT strategy, whereas for the remaining adult, the ALT and UIU strategies were equally efficient. Six of the nine children showed highest efficiency for the ALT strategy, while two additional children showed equally high efficiency for the ALT and UI1 strategies. There is no evidence for a difference in efficiency between adults and children (F [1, 17] ϭ 0.03; p ϭ 0.856). There was a highly significant effect of stimulus strategy (F[3,51] ϭ 28.81; p Ͻ 0.001), but no evidence that the effect of stimulus strategy differed for the two groups of participants (F[3,51] ϭ 0.21; p ϭ 0.889). Post hoc analyses showed no significant difference between the UI2 and UIU strategies. All other differences reached at least the 0.05 level of significance.
Reference electrode • The effects of re-referencing the waveforms obtained in this study to a mastoid electrode (M2) are shown in Figure 9 . Amplitudes are typically increased near the vertex when referenced to an electrode below the Sylvian fissure such as M2 (Vaughan & Ritter 1970) . The original grand mean waveforms (from Fig. 3 ) are shown along with the re-referenced waveforms. The grand mean ACC magnitude, noise, ACC to noise ratio, and efficiency data for each stimulus strategy after re-referencing are shown in Figure 10 along with corresponding standard deviations for the adults and children. Of interest is whether re-referencing the data to M2 results in increases in these values relative to the original data, and whether reference electrode interacts with age group or stimulus strategy. Only statistically significant results are reported. The effect of reference electrode site on ACC magnitude was highly significant (F [1, 17] ϭ 154.50; p Ͻ 0.001). As expected, ACC magnitude was higher in the re-referenced condition. In addition, there was a significant interaction between reference electrode and group (F [1, 17] ϭ 63.10; p Ͻ 0.001). Post hoc analysis indicated that ACC magnitude increased more for children than for adults with re-referencing. Similarly, noise also showed a significant effect of reference electrode (F [1, 17] ϭ 101.30; p Ͻ 0.001) with higher noise in the re-referenced condition. This increase was significantly greater for children than that for adults (F [1, 17] ϭ 7.40; p Ͻ 0.001). ACC to noise ratio showed significant increases with re-referencing (F [1, 17] ϭ 25.48; p Ͻ 0.001). This effect interacted with age group (F [1, 17] ϭ 9.39; p Ͻ 0.001) such that increases were greater for children than that for adults. Therefore, although noise was greater for children in the re-referenced condition, this effect was offset by their higher ACC magnitudes. There was a highly significant effect of reference electrode on test efficiency (F[1,17] ϭ 0.172; p Ͻ Fig. 7 . ACC magnitude, noise magnitude, ACC to noise ratio, and testing efficiency as functions of stimulus strategy and age group. Data points show group grand means Ϯ 1 SD. Fig. 8 . Individual amplitude and noise data for four stimulus strategies. Horizontal lines show group grand means. Individual differences are apparent in response magnitude, ACC to noise ratio, and the effects of different stimulus strategies. 0.001) along with some evidence of an interaction between reference electrode and group (F [1, 17] ϭ 8.25; p ϭ 0.011).
Post hoc analyses indicate that the increase in efficiency in the re-referenced condition is greater for children. There was also a significant interaction between reference electrode and stimulus strategy (F[3,51] ϭ 6.87; p ϭ 0.001). Post hoc analyses indicate complex patterns. Of note, efficiency is higher for the re-referenced ALT condition compared with all other conditions (re-referenced or not) and the original UI2 condition shows smaller efficiency than all other conditions. In addition, the re-referenced UI2 condition shows smaller efficiency than all other re-referenced conditions.
DISCUSSION
Neural refractoriness is always of concern when measuring cortical auditory-evoked potentials, especially when testing children (Gomes et al. 2001; Ceponiene et al. 2002; Gilley et al. 2005) . There was no evidence of a detrimental trade-off between shortened testing time and response amplitude in this study. That is, the benefits of increased speed of testing resulting from elimination of the silent period between stimuli along with the increased number of acoustic changes obtained in a given time period were not offset by a serious reduction in response amplitude. This is a positive finding for the potential clinical application of continuously alternating stimuli.
Averaging efficiency has been examined previously for onset responses (Hyde & Blair 1981; Picton et al. 1977 Picton et al. , 1983 Picton et al. , 1984 and an interonset interval of 1 to 2 secs was recommended as most efficient. In this study, the ALT strategy, which involved a 1-sec interval between repetitions of the same direction of acoustic change, was most efficient for the ACC. Picton et al. (1983) suggested that a simple technique for increasing the efficiency of the auditory brain stem response is to record two responses at the same time. This study accomplished the same goal for the ACC, by recording responses to two directions of acoustic change concurrently in the continuous strategy. The adult-child comparisons in this study facilitate the interpretation of the efficiency data obtained in this study. Continuous alternating stimulus presentation was more efficient than interrupted stimulus presentation. All adults followed this pattern and all but one of the children did as well. On average, noise in the averaged waveforms was higher for the children compared with the adults. This did not result in poorer efficiency (on average) for the children, largely because of the high amplitude of their ACC responses. These data emphasize the importance of techniques designed to maximize response amplitude while minimizing noise, as well as the potential value of continuously alternated stimuli for the evaluation of young children.
Efficiency gain, the ratio of efficiency obtained for two stimulus strategies, helps to explain why the ALT condition was beneficial in this study. The mean efficiency gain by shortening test time (UI1 versus UI2) was 1.73 (with 95% confidence limits of Ϯ0.04). This is somewhat less than the expected value of 2 (from halving test time). The discrepancy may indicate a small refractory effect. The efficiency gain resulting from doubling the number of changes (UIU versus UI2) was 1.45 (Ϯ0.03), which is close to the predicted value of 1.41 (i.e., the ͌2). The efficiency gain resulting from both halving the onset interval and doubling the number of changes (ALT versus UI2) was 2.60 (Ϯ0.07). This is only a little less than the predicted value of 2.82 (i.e., 2 ϫ ͌2).
Maximizing response amplitude by optimizing the electrode recording montage is another way of potentially increasing efficiency. In this study, re-referencing the data to electrode site M2 had a greater effect for children than for adults, with higher ACC magnitude, noise, ACC to noise ratio, and efficiency for an M2 than for a noise reference. A full-electrode array may not be feasible for clinical application and it will be important to use an efficient recording montage to optimize the probability of recording a response with a high ACC to noise ratio. Efficiency gain in the re-referenced condition from shortening test time (UI1 versus UI2) was 2.0 (Ϯ0.07), from doubling the number of changes (UIU versus UI2) was 1.44 (Ϯ0.05) and from doing both (ALT versus UI2) was 2.65 (Ϯ0.10). Therefore, efficiency gain from shortening test time was higher in the re-referenced condition and was equal to the predicted value of 2. Efficiency gain for the other comparisons was comparable with that obtained with the original reference electrode.
The individual data are important in relation to clinical application. Similar to the Fsp approach commonly used in auditory brain stem response testing (see Appendix), it may be possible to set a criterion for a significant ACC to noise magnitude ratio. Similar to Fsp, this criterion could conceivably be used to determine whether 500 sweeps is sufficient for a given individual or if the ACC to noise ratio needs to be monitored to set a stopping point for averaging.
There was relatively large variability in efficiency across participants in this study, particularly for the ALT strategy. It is likely that this variability was caused, in part, by overlapping components. Maturation and refractoriness issues likely played dominant roles behind the larger variance found in the ALT strategy in children compared with adults. A few of the older children in this study were beginning to show a more adult-like response, with an emerging N1 component. Therefore, knowledge regarding maturation of cortical auditory-evoked potentials in general, and the ACC specifically in children will be critical for detailed response interpretation in clinical populations and additionally to set an appropriate response interval for measuring the ACC.
Clinical decisions regarding whether to use a continuous alternating or an interrupted stimulus should be based on the question one is looking to answer. If one is interested in determining whether the ACC is present or absent (i.e., whether an individual patient has the potential to discriminate the acoustic change of interest) then a continuous alternating stimulus is optimal because of its efficiency. This would be the most cost-effective approach in terms of obtaining maximal information regarding speech discrimination capacity in minimal time. However, if one is interested in examining specific components within the ACC response to better evaluate how brain processing of sound is altered in different clinical populations, then an interrupted stimulus, with a longer onset-interval would be more appropriate.
The ACC is a tool in development. The clinical population for which the ACC technique holds greatest promise is infants and young children, particularly those with hearing loss, for whom we do not have good behavioral tests of suprathreshold resolution. The high amplitude and efficiency of the continuous alternating strategy in the 6-to 9-yr-olds tested in this study bodes well for its application to infants and young children. Further research will be needed before clinical application of the ACC, to test efficiency in these young children and in those with hearing loss, and also to determine whether the stimulus presentation parameters can be further optimized.
In conclusion, continuous alternating stimulus presentation is more efficient than interrupted stimulus presentation in eliciting the ACC. The benefits resulting from eliminating silent periods and doubling the number of acoustic changes presented in a given time period are not offset by a serious reduction in RMS response amplitude. However, this conclusion applies only to adults and to children aged 6 yrs or more.
APPENDIX
ESTIMATION OF RMS NOISE AMPLITUDE
The metric used in this study to assess noise amplitude was the square root of the mean variance within sample points divided by the square root of the number of sweeps contributing to the averaged waveform. That is:
where N is the noise amplitude; p, point number; n, the number of sampled points within the response window; Vp, the variance at sample p; and s, the number of sweeps contributing to the averaged waveform.
The result is, essentially, the standard error of all voltage values, after the main effect of sample point (a combination of signal and noise) has been removed.
To illustrate, consider the matrix of Table A1 in which there are 20 sweeps covering 10 sample points. A schematic N1-P2 complex is shown in the first row of data. The next 20 rows show the voltages at each sample point in each sweep. These rows are filled with random numbers to which have been added the N1-P2 complex from the first row. The bottom two rows show the means and variances at each sample point. At the right are (1) the standard deviation of the means at the 10 sample points, giving a metric for signal plus noise amplitude (S ϩ N), and (2) the metric for noise amplitude (N) derived from Eq. (A1). Table A2 shows an analysis of variance in these data. In this analysis, the main factors are point at 10 levels and sweep at 20 levels. The error term is the interaction between point and sweep. The bottom row of this table shows the variance derived from the sum of squares attributable to a combination of the main effect of sample and the interaction term. The square root of this term, divided by the square root of the number of sweeps, is identical to the noise estimate derived from Eq. (A1). In other words, this estimate does not eliminate a significant effect of sample-for example, a baseline drift. The use of sample by sample baseline correction, however, minimizes this effect. An alternative, but equivalent method of minimizing the sample effect is to compute an average waveform in which alternate sweeps were inverted, otherwise known as the Ϯ technique (Schimmel 1967; Schimmel et al. 1974; Glaser & Ruchkin 1976; Wong & Bickford 1980; Picton et al. 1983 ). An appropriate noise metric would then be the standard deviation of the resulting point means. An advantage of both techniques is that one does not need a waveform region that is free of stimulus-synchronized potentials. Clearly, this condition did not apply to some of the stimulus conditions used in this study. The most popular noise metric used in the event-related potential literature is the Fsp Don & Elberling 1996; , 2007 . The metric in this case is the standard deviation of samples at a single point. It is used to assess statistical significance of the mean potential at that point. The technique is applicable when response amplitude is specified in terms of peak voltages. In this study, however, amplitude was assessed in terms of the standard deviation of mean voltages within an expected response window, so as to avoid making assumption about individual waveform morphology. Therefore, it was appropriate to base the noise estimate on data from all sample points within the same window. In a sense, this is the Fsp metric averaged across the response window. 
